Introduction
Surface physicochemical processes determine material conversion (Rita et al., 2006) , energy transfer, and chemical conversion on the surfaces of aerosol particles (Peterson et al., 2006; Chan et al., 1997) . Such transformations in aerosol particles affect both the environment and human health Tang et al., 2006; Wei et al., 2009 ). In the context of their close relationship to aerosol surface area, morphology, surface chemical composition, structure and other surface characteristics (Zhu et al., 2010; Lazzeri et al., 2003; Xu, 2006; Li et al., 2007; Li et al., 2010; Wu et al., 2009; Lu et al., 2013; Bluhm and Siegmann, 2009; Sobanska et al., 2014) , study of the surface physicochemical characteristics of aerosol particles has become an important aspect of aerosol particle research.
The main techniques for surface chemical and imaging analysis include Scanning Electron-Energy Dispersive X-ray Spectrometry (SEM-EDX), Auger Electron Spectroscopy (AES), X-ray Photoelectron Spectroscopy (XPS or EDCA), Atomic Force Microscopy (AFM), and Time of Flight-Secondary Ion Mass Spectrometry (TOF-SIMS) (Li et al., 2015) . Compared with other surface analysis techniques, TOF-SIMS can distinguish ions of elements with low atomic numbers (Z < 11, Z = atomic number) as well as their isotopes, with high sensitivity and fine transverse and depth resolution (such as lateral resolution <50 nm, depth resolution <1 nm, organic matters, monolayer <10 ) (Benninghoven and Cha, 2002; Zhou et al., 2004) . The technique has two working modes, which are Static TOF-SIMS and Dynamic TOF-SIMS. Static TOF-SIMS can be used for surface mass spectrometry and imaging; while Dynamic TOF-SIMS is mainly used for in-depth analysis (Benninghoven and Cha, 2002; Stephan, 2001) . TOF-SIMS has been widely used in microelectronics, materials science, nanotechnology, life sciences, space technology, and environmental science (Suzuki et al., 2006; Ni et al., 2012; Li et al., 2015) .
In recent years, TOF-SIMS has been applied to many aspects of aerosol science studies, such as surface chemical composition, depth analysis of surface chemical composition, surface chemical reaction, surface toxicity and characteristics and identification of aerosol particle sources. Tyler (2002, 2003) studied the surface inorganic and organic composition of particles from a Montana forest fire and Hawaiian sea salt, and discussed their interaction by combining the technique of Static TOF-SIMS and other surface techniques, such as XRF and SEM-EDX. Tervahattu et al. (2002) analyzed the surface composition of oceanic aerosol particles by using both Static TOF-SIMS and Dynamic-TOF-SIMS, and found some evidence for the existence of a surfactant layer on the aerosol surface. Palma et al. (2007) obtained the surface depth profile and 3D imaging of aerosol particles by Dynamic TOF-SIMS. Rita et al. (2006) studied the chemical reaction process of aerosol particles by using Static TOF-SIMS. Tomiyasu et al. (2004) studied the surface composition of diesel engine exhaust particles and iron particles, and discussed their health effects by combining the techniques of Dynamic TOF-SIMS, FE-SEM and EPMA (Electron Probe Microanalysis). Mayama et al. (2012) analyzed the surface composition of aerosol particles and identified their sources by using Dynamic TOF-SIMS and EPMA. These works helped to improve our knowledge about the surface characteristics of aerosol particles and the mechanism of surface chemical reactions on the aerosol particles.
However, based on the available literature, the application of TOF-SIMS techniques in the field of aerosol science is rare in China so far. Yu et al. (2000) studied the PAHs on individual particles in Beijing and got some "fingerprints" for identification of particle sources. Liang et al. (2001) analyzed PAHs on individual particles and provided a rapid method for qualitative analysis of PAHs and oxygenated-PAHs on aerosol particles. Mei et al. (2002) resolved the surface organic components of aerosol particles stemming from tobacco smoke and found that these particles contained N-containing heterocyclic compounds and PAHs using TOF-SIMS. Li et al. (2010) analyzed the surface inorganic compositions of fine and coarse aerosol particles, and found that atmospheric secondary hydrophilic inorganic compounds were present on the aerosol particles using the static TOF-SIMS technique. These publications concern either inorganic components or organic structure, but not the identification of qualitative organic species on the surface of aerosol particles.
With the development of the economy and society, air pollution has become an important environmental issue in Beijing. Heavy haze events have occurred frequently in Beijing in recent years (Bai et al., 2006; Zhu et al., 2010; Wu, 2012) , which may have had adverse effects on the exposed population. In order to develop effective air pollution control measures, it is important to clarify the formation mechanisms of aerosol particles in the ambient air of Beijing. Among these mechanisms, heterogeneous reaction processes and mechanisms are the least understood, due to the lack of knowledge on the surface chemical composition and structure of aerosol particles (Wu, 2012; He et al., 2013) . Therefore, it is necessary to carry out studies on the characterization of the inorganic and organic composition and structure of aerosol particles in Beijing. In our study, the surface chemical composition of aerosol particles from a typical urban area of Beijing was measured using Static TOF-SIMS. We determined the compositional characteristics of fine and coarse mode aerosol particles and correlated these with levels of air pollution, meteorological factors, and air mass transport.
Materials and experimental methods

Sample collection
Aerosol samples were collected on the roof of the Atmospheric Research Building of the Chinese Research Academy of Environmental Sciences (CRAES) in the Chaoyang District, Beijing (40°02′N, 116°25′E). The site is 15 m above the ground. It is in a residential and commercial area, adjacent to residential buildings to the east and north, 100 m from Chunhua Road to the south, and 450 m from Lishuiqiao South subway station to the west. There is no industrial pollution source within 500 m or any other notable local pollution source around the sampling site. It is representative of a typical urban area within Beijing.
The samples were collected using an Ambient Eight Stage (Non-Viable) Cascade Impactor Sampler (TISCH Environmental Inc., OH, USA), with aluminum substrates (d = 81 mm) and glass fiber substrates (d = 81 mm, only used in layer F). It consists of nine successive stages (layers 0-F), which corresponded to size segregations of >9 μm, 5.8-9 μm, 4.7-5.8 μm, 3.3-4.7 μm, 2.1-3.3 μm, 1.1-2.1 μm, 0.65-1.1 μm, 0.43-0.65 μm and ≤0.43 μm, respectively. Sampling volume was calibrated using a set flow rate of 28.3 L/min (≈1 cubic foot per min). Relevant meteorological data for sampling dates, including temperature, humidity, wind speed, and wind direction are given in Table 1 collected on aluminum substrates were selected for study using TOF-SIMS. Background information for these samples is given in Table 2 .
Before sampling, the aluminum substrates were heated in a muffle furnace at 400°C for 4 hr; they were then cooled in a dryer. Before and after sampling, the aluminum substrates were kept in a chamber at 25°C with a humidity of 50% for 24 hr Samples were weighed using an electronic scale with precision of 1/100,000 after sampling, and stored in a refrigerator before analyzing them.
Experimental method and data analysis
The samples were measured using a TOF-SIMS TRIFT II Model 2000 (Physical Electronics, MN, USA). This instrument comprises a vacuum chamber, air pump system, sample input and operation system, primary ion source, mass spectrometer, secondary ion detector, and data processing computer. Using a Ga + pulse ( 69 Ga), the peak width at half-height can reach <700 ps. It also includes an electronic gun to remove electronic charge in non-conductive samples. Its greatest advantages are its high resolution and ability to detect the element H (m/z = 1), as well as other ions and ion groups. Its sample pre-processing chamber and instrument chamber are one-hundred-grade clean chambers that remove the potential for secondary pollution during pre-processing and measuring to improve the accuracy of the experimental results. Measurements were performed using the large area surface mass spectrometry mode of static TOF-SIMS, with a primary ion current of 2 nA, and an analysis period of 3 min. During this time, the ion beam bombarded an area 100 × 100 μm 2 (in the center of the sample), and an electronic gun was used to remove the charge effects.
With the vacuum degree in the sample analysis chamber set at 10 −8 Torr or below and one beam ( 69 Ga) of 15 keV, the mass resolution obtained was m/Δm > 9000 ( 28 Si). Positive and negative secondary ion modes were used.
As aluminum substrates with high electrical conductivity were used to collect aerosol samples in our study, ions and ion groups with large mass numbers were detected with static TOF-SIMS, using the electronic gun to disperse charge effects while ion beams were striking the sample surface. The samples were cut to the required size for the sample stage, put on a stainless steel shim, and placed into the equipment for analysis. Four samples were put on the sample stage at a time. Therefore, the samples were divided into five groups (Table 2) : group 1 (No. 020, No. 022, No. 028 and No. 030), group 2 (No. 036, No. 038, No. 044 and No. 046), group 3 (No. 052, No. 054, No. 060 and No. 062), group 4 (No. 068, No. 070, No. 076 and No. 078), and group 5 (No. 004, No. 006, No. 124 and No. 126) . Groups 1-4 were analyzed the same day, and group 5 and another two blank samples were measured the next day. To ensure the stability of the peaks obtained from TOF-SIMS, samples 004, 006, 124 and 126 were measured twice. The relative standard deviations of the normalized peaks obtained from the same samples ranged from 4% to 25%. Organic and inorganic fragment ions can be distinguished based on their mass defects. Taking a zero carbon mass defect as the baseline, organic ions generally have a positive defect, while inorganic elements (with Z > 8) have a negative defect. Therefore, based on the relationship of ion mass to theoretical element mass, we can identify the peaks in the spectra (Dai et al., 2000) .
Twenty aerosol samples were analyzed using our mass spectrometric instrument and 84 spectra were obtained (42 spectra for the positive ion mode and 42 for the negative mode; blank samples included.). The peaks in the spectra are characteristic of the surface composition of the measured area of the aerosol sample. Peaks were normalized to assist with identification and facilitate comparison between samples. Since aluminum substrates were used in this study, the peak for Al + would be influenced by the background value; in addition, the peak for Si + was also strong in the blank samples. Therefore, the Al + and Si + ions were not evaluated in this study in order to avoid interference.
Results and discussion
Classification of static TOF-SIMS peaks
As seen in Fig. 1 , there may be one or several fragment ions for each mass number for peaks in the spectra obtained with a static TOF-SIMS. Under the positive ion mode, 14 secondary ions were detected in the aerosol particle samples, while under the negative mode, 20 secondary ions were detected (Table 3 ). In the aerosol particle samples, secondary ions and ion groups of elements with low and medium atomic weights (Fig. 1) detected. In addition, secondary ion groups with large mass number, such as positive organic ion groups with mass to charge ratios of 73, 214, 219 and 239, and negative organic ion groups with mass to charge ratios of 203, 211, 239 and 255, were also detected, but not identified explicitly. Furthermore, there were peaks with large mass to charge ratios in the spectra, which indicate that some organic macromolecules or ion groups were created. During static TOF-SIMS, some molecular ions or ion groups might be induced from characteristic compounds on the surfaces of the samples, such as H 2 SO 4 , NH 4 HSO 4 , (NH 4 ) 2 SO 4 , NH 4 NO 3 , NH 4 Cl, NaNO 3 , and (NH 4 ) 2 SO 4 ·MSO 4 (M represents a metallic element) as well as short-or middle-chain organic alkyl compounds (like short-or middle-chain fatty acid compounds) (Tervahattu et al., 2002) . Others are secondary compounds formed in the atmosphere, i.e., products of gases transforming to low volatile compounds (Harrison and Grieken, 1998; Peterson and Tyler, 2002) . Therefore, the peaks of secondary ions demonstrate that there are compounds with these constituent ions on the surfaces of the samples, comprising secondary compounds formed in the atmosphere and organic compounds with alkyl groups. Both compound types influence the hydrophobic and hydrophilic surface characteristics of aerosol particles (Tervahattu et al., 2002; Richard and Bonnie, 2002) , affecting the chemical behavior of these aerosol particles. Given the functional limitations of the instrument used in this study, not all of the secondary ions on the surface of aerosol particles were identified. Thus, a more comprehensive analysis of the surface compositions of aerosol particles will need to be carried out in future work.
Characteristics of static TOF-SIMS peaks
The characteristics of a static TOF-SIMS spectrum are relevant to establishing the surface compositions and atomic concentrations on the surfaces of the aerosol particles. They depend on the stability of the measured substances, the energy of the ion beam, the size of the ion group bombarded, and the yield of secondary ions. Therefore, the intensities of the static TOF-SIMS peaks can reflect the surface structure of the measured substances (Li et al., 2010; Rita et al., 2002; Dai et al., 2000) . The normalized secondary ion results for aerosol particles measured under the positive ion mode are shown in (Fig. 2) . The results demonstrate that the positive ions on the surfaces of the aerosol particles collected in this study had similar peak intensities. C 3 H 3 + had the strongest peak intensity, followed by Mg + , and then Na + and NH 4 + . The peak intensities of C 7 H 7 + and Li + were weak.
The peak intensities of secondary ions with mass to charge ratio larger than 200 (m/z = 214, 219, 239) also were quite weak. On the surfaces of PM 1.1-2.1 and PM 3.3-4.7 , C 3 H 3 + and C 7 H 7 + accounted for a high proportion of peak intensities, although they were detected more frequently on the surfaces of PM 3.3-4.7 .
The peak intensities of ions or ion groups with mass to charge ratio of 73 were also intense. The peak intensities of other secondary organic ion groups with larger mass to charge ratios were relatively weak. There were a number of interesting patterns observed for particular samples. The peak intensities of C 3 H 3 + and Mg + on the surface of aerosol particles were strong. Na + was frequently found on the surface of the PM 3.3-4.7 , which indicates that a sodium salt is usually attached to the cluster of particles called Na-rich particles . The reason for the strong peaks of C 3 H 3 + might be that there were many organic compounds in the measured area of the samples. On the surfaces of samples 020, 028, 060 and 062, the normalized concentrations of Na + were relatively high; although this ion was detected more frequently on the surfaces of PM 3.3-4.7 , suggesting there were many sodium compounds on the surfaces of sample particles. It was raining while these samples were collected, with high relative humidity, but weak wind (Table 1) . Thus, sodium compounds in the atmosphere appear to accumulate on the surfaces of PM 3.3-4.7 more easily when relative humidity is high. Normalized static TOF-SIMS peak intensities for aerosol particle samples under the negative ion mode are shown in Fig. 3 . These spectra demonstrate that negative ions on the surfaces of PM 1.1-2.1 and PM 3.3-4.7 had similar peak intensities for samples collected in this study. The peak intensities of O − and OH − were strongest. Their intensities accounted for more than 85% of the total peak intensities of all secondary ions. However, because the peak intensities of O − and OH − on the surfaces of blank samples were also quite strong, they were clearly affected by artifacts and were not included in this study. We focused our analysis on the other 17 secondary ions analyzed. Among these ions, C 2 H − had the greatest peak Under the positive ion mode, the surface compositions of PM 1.1-2.1 and PM 3.3-4.7 sampled at the same time were distinct (Fig. 4) . Taking the samples collected in the morning of 29th Sep. as an example, the peak intensity of C 3 H 3 + was strong on the surface of PM 1.1-2.1 , but somewhat weak on the surfaces of PM 3.3-4.7 ; while the peak intensities of Na + and NH 4 + were weak for PM 1.1-2.1 , but strong for PM 3.3-4.7 . The peak intensities of organic ion groups with mass to charge ratio of 219 were strong on the surface of PM 1.1-2.1 collected on 27th and 28th Sep. (Fig. 4) , but there were only weak or no peaks for these ion groups in samples collected at other times. The surface compositions of samples collected at the same time on different days also varied. The normalized intensities of secondary ions changed with the day. The peak intensities of C 3 H 3 + were strong on the surface of particle samples, and C 7 H 7 + varied in response to the ionic strength of the particles' surface, which suggests that organic compounds with alkyl groups typically occur on the surface of these particles. This indicates that there were many long-chain hydrocarbons (Aliphatic hydrocarbons) (Cheng et al., 2014) on the surfaces of these samples, with C 7 H 7 + ions likely derived from toluene-containing substances (Zhu et al., 2001) . The peak intensity of Na + on the surface of PM 1.1-2.1 and PM 3.3-4.7 collected on 29th Sep. and 1st Oct. was expressed strongly, but there were only weak or no peaks for this ion in samples collected at other times. As shown in Table 1 , there were moderate rains on 29th Sep. and 1st Oct. during the sampling period. Although there was also a shower on 30th Sep., the samplings were carried out during the periods without rain in that day, and no strong peaks of Na + were found in the samples collected on 30th Sep., either. Thus, we can deduce that the relatively high concentration of Na + on the surface of aerosol samples on 29th Sep. and 1st Oct. mainly came from the rain, and further studies will be carried out to find more evidence to support this assumption. The characteristics of the surface compositions of PM 1.1-2.1 and PM 3.3-4.7 measured under the negative ion mode are shown in Fig. 5 . Clearly, many secondary ions on the surfaces of aerosol particle samples were detected, but their peak intensities varied with particle size and sampling date. Comparing the aerosol particle samples collected before and after 28th Sep., the peak intensity of CN − (Rita et al., 2006; Zhu et al., 2001; Palma et al., 2007; Cheng et al., 2014) varied markedly: in fact, the initial strong signal was lost in the samples collected after 28th Sep. This suggests that samples collected after 28th Sep. had very low or no organic compounds containing CN − . We also detected CNS − in our study. These ions may be derived from nitrogen-containing organic compounds, just as CN − is derived from nitrile compounds (Zhu et al., 2001 ). There was no obvious change in the peak intensities of F − and C 2 H − , but the intensities of Cl − and S − varied markedly. In addition, we see that the normalized intensities of peaks of negative ions on the surfaces of samples collected from the morning of 29th Sep. to the night of 30th Sep. Sample 126  Sample 006  Sample 022  Sample 030  Sample 038  Sample 046  Sample 054  Sample 062  Sample 070  Sample 078 Normalized intensities (%) Sample 006  Sample 022  Sample 030  Sample 038  Sample 046  Sample 054  Sample 062  Sample 070  Sample 078   Sample 124  Sample 004  Sample 020  Sample 028  Sample 036  Sample 044  Sample 052  Sample 060  Sample 068  Sample 076 Particles of PM 1.1-2.1
Particles of PM 3.3-4.7 Fig. 3 -Normalized peak intensities of aerosol particle samples under negative ion mode.
were high (Fig. 5 ). This indicates that there were more compounds on the surfaces of aerosols during this period. The peak intensities of F − were strong on the surfaces of both PM 1.1-2.1 and peak intensity of F − on the surfaces of samples. Thus, we confirmed that fluorides exist on the surfaces of aerosol particles in urban Beijing (Li et al., 2010; Liang et al., 2001) . This implies that some special pollution sources, such as fluoride-containing gases released from building materials, must be influencing the inorganic chemical compositions on the surfaces of aerosols (Liang et al., 2001) . Notably, fluoride can exist in gaseous or particle form in the atmosphere (GB 3095-2012) . Both Rita et al. (2002 Rita et al. ( , 2006 and Li et al. (2010) detected F − on the surface of urban aerosols.
Studies have shown that excess ingestion of fluoride can cause fluorosis of the bones (Choubisa, 2012) , digestive system (Suh et al., 2012) , genitourinary system Kodama et al., 2010) , nervous system (Luo et al., 2012; Xu and Xie, 2013) , endocrine system (Sun et al., 2011; Al-Raddadi et al., 2012; Hou et al., 2013) and immune system (Xu et al., 2014) of animals to varying degrees. As PM 1.1-2.1 are able to enter human bodies, fluorides on the aerosol surfaces may cause harm to human health; hence, more attention should be paid to controlling fluoride pollution in urban environments.
Ambient factors influencing static TOF-SIMS peaks
From 26th Sep. to 5th Oct., 2009, the mass concentrations of PM 10 of Beijing increased at first, then decreased, and then increased again (Fig. 6) . The mass concentration of PM 10 reached its maximum (173 μg/m 3 ) on 30th Sep. (http://www. bjmemc.com.cn/). During the sampling time, the wind speed decreased at first, then increased, and then decreased. It reached its minimum speed on 30th Sep. The weather reports indicate that slight haze pollution occurred in Beijing during this period (CMA, 2010) .
We carried out 24-hr backward trajectory simulations on air masses from 28th Sep. to 2nd Oct., 2009, using the backward trajectory mode of HYSPLIT-4 and meteorological data from the global data assimilation system (GDAS) with an interval of 6 hr. We calculated 20 air mass transport trajectories for these 5 days. Fig. 7 shows that air masses were from the southeast, south, and southwest areas of Beijing (i.e., from Tianjin, Hebei, Shanxi and local areas around Beijing) from 28th to 30th Sep. Because the Beijing-Tianjin-Hebei region is densely populated, traffic on the main roads grew significantly with the approach of the National holiday; hence, vehicle exhaust emissions and dusts were likely sources of compounds in these air masses (Yuan et al., 2009; Lei et al., 2015) . As wind weakened over the sampling period, pollutants accumulated in the air over Beijing, creating air pollution.
Meanwhile, the peak intensities of the 17 negative ions on the surfaces of the samples collected from 27th to 30th Sep. were obviously stronger than those in the samples collected on 1st and 2nd Oct., when the mass concentrations of PM 10 were lower. the surface compositions of the aerosol particles became more complex, and concentrations of particular components on the aerosol particles increased. From 30th Sep. to 2nd Oct., the pollutants in the air were blown away by a northwesterly wind, and the traffic decreased. Therefore, the air quality improved, and the peak intensities of secondary ions on the surfaces of aerosol particles in the later period of the study were weaker. Thus, the surface composition of aerosol particles is largely influenced by air pollution and also affected by meteorological factors, as well as air mass transport. Wind, rainfall and air mass from the southerly direction also had impacts on the surface chemistry of atmospheric aerosol particles.
Conclusions
Using static TOF-SIMS to analyze aerosol surfaces on aerosol particles collected within urban Beijing, we found that (1) PM 1.1-2.1 and PM 3.3-4.7 had similar surface chemistries, but the concentrations of some ions and ionic groups were quite distinct between PM 1.1-2.1 and PM 3.3-4.7 . (2) Secondary inorganic compounds (such as NH 4 HSO 4 and NH 4 NO 3 ), organic alkyl compounds (like aliphatic compounds), and nitrogen-containing organic compounds occurred on the surfaces of these aerosol particles. Fluorides also were detected on their surfaces, suggesting that more attention must be paid to controlling fluoride pollution in urban environments. (3) The surface compositions of aerosol particles were clearly influenced by air pollution levels; the heavier the air pollution, the more complex were the surface chemical compositions of aerosol particles. Wind, rainfall, and air mass transport from the south also affected the surface compositions of atmospheric aerosol particles in urban Beijing.
